We present all-dielectric 2D and 3D metamaterials that are monolithically fabricated from III-V semiconductor nanostructures. The active/gain and high optical nonlinearity properties of the metamaterials can lead to new classes of active devices.
Introduction
All-dielectric metamaterials have attracted significant interest for their unique optical properties 1 . In contrast to metallic metasurfaces, dielectric metasurfaces exhibit much lower loss at optical frequencies. In particular, silicon has been widely employed to fabricate dielectric metasurfaces consisting of nanoscale resonators. These metasurfaces have shown potential for a wide range of applications such as advanced wave-front engineering 2 , efficient nonlinear optical conversion, and spectral filtering. Silicon is an indirect bandgap material and as such is not a good emitter; therefore the integration of these metasurfaces with light emitting devices is very difficult. Therefore, we have developed a process to fabricate all-dielectric metasurfaces monolithically from III-V direct bandgap semiconductors using high quality growth, etching and oxidation to create a low refractive index oxide 3 underlayer. We anticipate that the demonstration of all-dielectric metamaterials using III-V semiconductors combining high optical nonlinearities and active/gain media will lead to new classes of active devices such as lasers, photodiodes, modulators and nonlinear optical converters.
Single-and multi-layer III-V semiconductor-based dielectric metamaterials
We monolithically fabricated GaAs-based dielectric resonators (DRs) starting with molecular beam epitaxy grown GaAs and AlGaAs layers on top of a GaAs substrate, followed by standard e-beam lithography and inductively-coupled-plasma etch. Low refractive index materials are needed to separate the resonators from the high index GaAs substrate so that the electromagnetic fields are well confined inside the resonators. Therefore, as a the final step, we adapt the process of selective wet oxidation for creating current blocking layers in surface 4 . Figure 1(b) shows a scanning electron micrograph (SEM) of the GaAs DR sample after oxidation. Each nano-post comprises 3 layers: the topmost layer (dark grey) is the silicon oxide etch mask, the middle layer (lighter grey) is the GaAs DR, and the bottom dark layer is the AlGaO low index spacer. To demonstrate the formation of an array of GaAs DRs, we measured the reflectivity of several GaAs metasurface designs with the same 300 nm height but different diameters (Figure 1(c) ). Each reflectivity curve exhibits two reflectivity peaks that correspond to the magnetic and electric dipole resonances. Moreover, as the diameter increases, the dipole resonances shift to longer wavelengths. Finally, 260, 280 and 300 nm diameter resonators showed near 100% reflection, outperforming a gold mirror reference used at the same wavelength (reflectivity of ~96% at ~1 ȝm). This perfect reflection is attributed to the extremely low loss of crystalline GaAs below its bandgap (~870 nm).
We then fabricated 3 layers of the previous GaAs/AlGaO metasurface in a monolithic fashion. The only difference from the single layer metasurface fabrication case is the use of a wafer that has 3 layers of GaAs separated by 3 layers of AlGaAs. Figure 2(a) shows an SEM image of the sample exhibiting 300 nm thick DRs separated by low refractive index AlGaO after the oxidation step. This multilayer structure has a high aspect ratio with a height of >2 ȝm and a diameter of ~350 nm. Note that this multilayer structure was fabricated with a single step ICP etching since both AlGaAs and GaAs were etched under the same condition. Therefore, we anticipate that 3D dielectric metamaterials are possible since the number of DR layers is ideally only limited by epitaxial growth. The measured reflectivity spectrum (Figure 2(b) ), agrees well with simulation results (not shown here), exhibiting an even higher reflectivity than a gold mirror over a broad spectral range. Further investigations show that by optimizing the diameter and height of the DRs, unity reflectivity can be achieved over 400 nm bandwidth at telecom wavelengths. We will also show analytically and numerically that the multilayer all-dielectric metamaterials fabricated using our technique can enable new functions such as ultrathin pulse dispersion compensation and independent tuning of magnetic dipole resonance with respect to the electric-dipole resonance. Notably, our fabrication technique can be applied to other Al-containing semiconductors, such as AlInAs, AlInGaP, etc 3 . Finally, we envision that the realization of direct bandgap and multilayer DR arrays will provide us a new degree of freedom in device engineering that may lead to novel active devices as well as real 3D metamaterials.
